a2 United States Patent

Vermeiren et al.

US009260355B2

(10) Patent No.: US 9,260,355 B2
(45) Date of Patent: *Feb. 16, 2016

(54) PRODUCTION OF PROPYLENE VIA
SIMULTANEOUS DEHYDRATION AND
SKELETAL ISOMERISATION OF
ISOBUTANOL ON ACID CATALYSTS
FOLLOWED BY METATHESIS

(75) Inventors: Walter Vermeiren, Houthalen (BE);

Cindy Adam, Wierde (BE); Delphine
Minoux, Nivelles (BE)

(73) Assignee: TOTAL RESEARCH &
TECHNOLOGY FELUY, Seneffe
(Feluy) (BE)

*) Notice: Subject to any disclaimer, the term of this
] y
patent is extended or adjusted under 35
U.S.C. 154(b) by 103 days.

This patent is subject to a terminal dis-
claimer.

(21) Appl. No.: 13/583,990
(22) PCTFiled:  Mar. 15,2011
(86) PCT No.: PCT/EP2011/053905

§371 (),
(2), (4) Date:  Oct. 8, 2012

(87) PCT Pub. No.: 'WO02011/113836
PCT Pub. Date: Sep. 22,2011

(65) Prior Publication Data
US 2013/0245348 Al Sep. 19, 2013
(30) Foreign Application Priority Data
Mar. 15, 2010 10156537
Apr. 9, 2010 . 10159461
Apr. 9, 2010 10159463
Apr. 23, 2010 10160840
Apr. 27, 2010 10161125
(51) Imt.ClL
CO7C 1724 (2006.01)
CO7C 5/25 (2006.01)
(Continued)
(52) US.CL
CPC ....ccoeonueue C07C 1/24 (2013.01); CO7C 5/2506
(2013.01); €CO7C 572708 (2013.01); CO7C 6/04
(2013.01);
(Continued)

Main C4’s applications

1 4putanediol/ THE . - ButyFrubber

Raw Cd ex- | Talomers ete i i b T | Polviiscbiifene-
steamcracket Mettyimethacryleta

(58) Field of Classification Search
USPC ......... 585/324,327,329, 643-647, 639, 640,
585/671, 664
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

3,365,513 A 1/1968 Heckelsberg
3,526,676 A 9/1970 Turner et al.

(Continued)

FOREIGN PATENT DOCUMENTS

DE 890953 C 10/1953
EP 0304515 Al 8/1987
(Continued)
OTHER PUBLICATIONS

Zhang et al. One Step Dehydration and Isomerization of n-butanol to
Isobutene over Zeolite Catalysts. Chem Commun., 2010, 46, 4088-
4090.*

(Continued)

Primary Examiner — In Suk Bullock
Assistant Examiner — Sharon Pregler
(74) Attorney, Agent, or Firm — Albert Shung

(57) ABSTRACT

A process for production of propylene can include simulta-
neously subjecting isobutanol to dehydration and skeletal
isomerization to make a mixture of n-butenes and iso-butene.
The n-butenes can be subjected to methathesis. The process
can include introducing isobutanol into a dehydration/
isomerization reactor and contacting the isobutanol with a
catalyst at conditions effective to dehydrate and skeletal
isomerase the isobutanol to make a mixture of n-butenes and
iso-butene. A mixture of n-butenes and iso-butene can be
recovered and fractionated to produce an n-butenes stream.
The n-butenes stream can be sent to a methathesis reactor and
contacted with a catalyst at conditions effective to produce
propylene. A stream can be recovered from the methathesis
reactor that includes propylene, unreacted n-butenes, heavies,
and optionally unreacted ethylene. The stream can be frac-
tionated to recover propylene, and the unreacted n-butenes
and unreacted ethylene can optionally be recycled to the
methathesis reactor.

28 Claims, 5 Drawing Sheets
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PRODUCTION OF PROPYLENE VIA
SIMULTANEOUS DEHYDRATION AND
SKELETAL ISOMERISATION OF
ISOBUTANOL ON ACID CATALYSTS
FOLLOWED BY METATHESIS 5

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of PCT/EP2011/
053905, filed Mar. 15, 2011, which claims priority from EP
10156537.2, filed Mar. 15, 2010, EP10159463.8, filed Apr. 9,
2010, EP 10159461.2, filed Apr. 9, 2010, EP 10160840.4,
Filed Apr. 23, 2010, and EP 10161125.9, filed Apr. 27, 2010.
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FIELD OF THE INVENTION

The present invention relates to the production of propy-
lene via simultaneous dehydration and skeletal isomerisation
of'isobutanol to make a corresponding olefin, having substan-
tially the same number of carbons but different skeleton struc-
ture, followed by a metathesis step. The limited supply and
increasing cost of crude oil has prompted the search for alter-
native processes for producing hydrocarbon products such as
propylene. Isobutanol can be obtained by fermentation of
carbohydrates or by condensation of lighter alcohols,
obtained by fermentation of carbohydrates. Made up of
organic matter from living organisms, biomass is the world’s
leading renewable energy source.

30
BACKGROUND OF THE INVENTION

Isobutanol (2-methyl-1-propanol) has historically found
limited applications and its use resembles that of 1-butanol. It
has been used as solvent, diluent, wetting agent, cleaner addi-
tive and as additive for inks and polymers. Recently, isobu-
tanol has gained interest as fuel or fuel component as it
exhibits a high octane number (Blend Octane R+M/2 is 102-
103) and a low vapor pressure (RVP is 3.8-5.2 psi).

Isobutanol is often considered as a byproduct of the indus-
trial production of 1-butanol (Ullmann’s encyclopedia of
industrial chemistry, 6” edition, 2002). It is produced from
propylene via hydroformylation in the oxo-process (Rh-
based catalyst) or via carbonylation in the Reppe-process
(Co-based catalyst). Hydroformylation or carbonylation
makes n-butanal and iso-butanal in ratios going from 92/8 to
75/25. To obtain isobutanol, the iso-butanal is hydrogenated
over a metal catalyst. Isobutanol can also be produced from
synthesis gas (mixture of CO, H, and CO,) by a process
similar to Fischer-Tropsch, resulting in a mixture of higher
alcohols, although often a preferential formation of isobu-
tanol occurs (Applied Catalysis A, general, 186, p. 407, 1999
and Chemiker Zeitung, 106, p. 249, 1982). Still another route
to obtain isobutanol, is the base-catalysed Guerbet conden-
sation of methanol with ethanol and/or propanol (J. of
Molecular Catalysis A: Chemical 200, 137,2003 and Applied
Biochemistry and Biotechnology, 113-116, p. 913, 2004).

Recently, new biochemical routes have been developed to
produce selectively isobutanol from carbohydrates. The new
strategy uses the highly active amino acid biosynthetic path-
way of microorganisms and diverts its 2-keto acid intermedi-
ates for alcohol synthesis. 2-Keto acids are intermediates in
amino acid biosynthesis pathways. These metabolites can be
converted to aldehydes by 2-keto-acid decarboxylases
(KDCs) and then to alcohols by alcohol dehydrogenases
(ADHs). Two non-native steps are required to produce alco-
hols by shunting intermediates from amino acid biosynthesis

40

45

50

2

pathways to alcohol production (Nature, 451, p. 86, 2008 and
US patent 2008/0261230). Recombinant microorganisms are
required to enhance the flux of carbon towards the synthesis
of'2-keto-acids. In the valine biosynthesis 2-ketoisovalerate is
on intermediate. Glycolyse of carbohydrates results in pyru-
vate that is converted into acetolactate by acetolactate syn-
thase. 2,4-dihydroxyisovalerate is formed out of acetolactate,
catalysed by isomeroreductase. A dehydratase converts the
2,4-dihydroxyisovalerate into 2-keto-isovalerate. In the next
step, a keto acid decarboxylase makes isobutyraldehyde from
2-keto-isovalerate. The last step is the hydrogenation of
isobutyraldehyde by a dehydrogenase into isobutanol.

Of the described routes towards isobutanol above, the
Guerbet condensation, the synthesis gas hydrogenation and
the 2-keto acid pathway from carbohydrates are routes that
can use biomass as primary feedstock. Gasification of biom-
ass results in synthesis gas that can be converted into metha-
nol or directly into isobutanol. Ethanol is already at very large
scale produced by fermentation of carbohydrates or via direct
fermentation of synthesis gas into ethanol. So methanol and
ethanol resourced from biomass can be further condensed to
isobutanol. The direct 2-keto acid pathway can produce
isobutanol from carbohydrates that are isolated from biom-
ass. Simple carbohydrates can be obtained from plants like
sugar cane, sugar beet. More complex carbohydrates can be
obtained from plants like maize, wheat and other grain bear-
ing plants. Even more complex carbohydrates can be isolated
from substantially any biomass, through unlocking of cellu-
lose and hemicellulose from lignocelluloses.

In the mid nineties, many petroleum companies attempted
to produce more isobutene for the production of MTBE.
Hence many skeletal isomerisation catalysts for the conver-
sion of n-butenes into iso-butene have been developed (Adv.
Catal. 44, p. 505, 1999; Oil & Gas Science and Technology,
54 (1) p. 23, 1999 and Applied Catalysis A: General 212, 97,
2001). Among promising catalysts are 10-membered ring
zeolites and modified alumina’s. The reverse skeletal isom-
erisation of iso-butene into n-butenes has not been men-
tioned.

The dehydration reactions of alcohols to produce alkenes
have been known for a long time (J. Catal. 7, p. 163, 1967 and
J. Am. Chem. Soc. 83, p. 2847, 1961). Many available solid
acid catalysts can be used for alcohol dehydration (Stud. Surf.
Sci. Catal. 51, p. 260, 1989). However, y-aluminas are the
most commonly used, especially for the longer chain alcohols
(with more than three carbon atoms). This is because catalysts
with stronger acidity, such as the silica-aluminas, molecular
sieves, zeolites or resin catalysts can promote double-bond
shift, skeletal isomerization and other olefin inter-conversion
reactions. The primary product of the acid-catalysed dehy-
dration of isobutanol is iso-butene:

CH;—CH—CH,—OH =—— —» CH;—C=CH, + ,0

CH; CH;

The dehydration of alcohols with four or more carbons
over solid acid catalysts is expected to be accompanied by the
double-bond shift reaction of the alkene product. This is
because the two reactions occur readily and at comparable
rates (Carboniogenic Activity of Zeolites, Elsevier Scientific
Publishing Company, Amsterdam (1977) p. 169). The pri-
mary product, iso-butene is very reactive in presence of acid
catalyst because of the presence of a double bond linked to a
tertiary carbon. This allows easy protonation, as the tertiary
structure of the resulting carbocation is the most favourable



US 9,260,355 B2

3

one among the possible carbocation structures
(tertiary>secondary>primary carbocations). The resulting
t-butyl-cation undergoes easy oligo/polymerisation or other
electrophilic substitution on aromatics or aliphatics or elec-
trophilic addition reactions. The rearrangement of t-butyl-
cation is not a straightforward reaction as, without willing to
be bound to any theory, involves an intermediate formation of
secondary or primary butyl-cation and hence the probability
of secondary reactions (substitutions or additions) is very
high and would reduce the selectivity for the desired product.

Dehydration of butanols has been described on alumina-
type catalysts (Applied Catalysis A, General, 214, p. 251,
2001). Both double-bond shift and skeletal isomerisation has
been obtained at very low space velocity (or very long reac-
tion time) corresponding to a GHSV (Gas Hourly Space
Velocity=ratio of feed rate (gram/h) to weight of catalyst
(ml)) of less than 1 gram-ml™"-h~*.

The U.S. Pat. No. 3,365,513 discloses that tungsten on
silica is a suitable metathesis catalyst.

The FR2608595 patent discloses a process for making
propylene by metathesis of 2-butene with ethylene over a
catalyst containing Rhenium supported on a alumina contain-
ing carrier in a moving bed reaction zone at from 0 to 100° C.,
followed by a reoxidation of the catalyst at a higher tempera-
ture and reusing the catalyst.

EP304515 discloses a metathesis process for reacting
1-butene with 2-butene to give propene and pentenes, which
is carried out in a reactive distillation apparatus using Re,O-/
Al O; as catalyst.

U.S. Pat. No. 3,526,676 discloses the metathesis over
MoO; and CoO on Al,O; of 1-butene with 2-butene to give
propene and pentene.

The U.S. Pat. No. 7,473,812 discloses a process to remove
iso-butene from a butenes mixture by a process for coproduc-
ing butene oligomers and tert-butyl ethers by partly oligomer-
izing the iso-butene over an acidic catalyst to give butene
oligomers and subsequently etherifying the remaining
isobutene with an alcohol under acidic catalysis to give tert-
butyl ethers.

The U.S. Pat. No. 6,159,433 discloses a process for the
conversion of C4 or CS5 cuts to an alkyl-t-butylether or alkyl-
t-amylether and propylene by metathesis. The plant com-
prises four successive stages: (i) selective hydrogenation of
diolefins with simultaneous isomerisation of the alpha olefins
into internal olefins, (ii) etherification of the iso-olefins, (3)
elimination of oxygen-containing impurities and (4) metathe-
sis of internal olefins with ethylene.

The U.S. Pat. No. 6,495,732 describes a process to isom-
erise mono-olefins in aliphatic hydrocarbon streams at 40 to
300° F. under low hydrogen partial pressure in the range of
about 0.1 psi to less than 70 psi at 0 to 350 psig in a distillation
column reactor containing a hydrogenation catalyst which
serves as a component of a distillation structure, such as
supported PdO encased in tubular wire mesh. Essentially no
hydrogenation of the mono-olefins occurs.

U.S. Pat. No. 4,469,911 discloses a process for isobutene
oligomerization in the presence of a fixed bed cation
exchange resin at a temperature in the range from 30° to 60°
C.and a LHSV of from 2.5 to 12 h™".

U.S. Pat. No. 5,895,830 describes an enhanced dimer
selectivity of a butene oligomerization process using SPA
(supported phosphoric acid) catalyst, by diluting the butene
feed with a heavy saturate stream comprising paraffins having
a carbon number of at least 8.

U.S. Pat. No. 5,877,372 discloses dimerization of
isobutene in the presence of isooctane diluent and tert-butyl
alcohol (at least 1 wt-% and preferably 5 to 15 wt-%), over a
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sulfonic acid type ion exchange resin such as Amberlyst
A-15, Dowex 50 or the like, at temperatures in the range 10°
to 200° C. and pressures in the range of 50 to 500 psig. It is
suggested that tert-butyl alcohol improves the selectivity of
dimer formation and reduces the formation of trimer and
higher oligomers.

U.S. Pat. No. 6,689,927 describes a low temperature
butene oligomerization process having improved selectivity
for dimerization and improved selectivity for the preferred
2.4 4-trimethylpentene isomer, caused by carrying out oligo-
merization in the presence of an SPA catalyst at a temperature
below 112° C. in the presence of a saturated hydrocarbon
diluent having a carbon number of at least 6.

The U.S. Pat. No. 7,220,886 discloses a process for the
production of propylene from the metathesis of ethylene and
2-butene wherein a mixed C4 stream is first treated to enrich
and separate the 2-butene from 1-butene and iso-butene and
concurrent fractional distillation of the 2-butene and iso-
butene to provide the 2-butene feed the metathesis with eth-
ylene. In addition the mixed C4 stream may be treated to
remove mercaptans and dienes prior to 2-butene enrichment.

U.S. Pat. No. 6,686,510 discloses a process for pretreating
a metathesis feed and forming a high purity isobutene prod-
uct. The olefinic C, stream is selectively hydrogenated to
remove dienes and butynes and then distilled in a reaction
distillation column that incorporates a catalyst for hydroi-
somerization of butene-1 to butene 2.

The international patent application W0 2005-110951
describes a process for the production of propylene via met-
athesis of n-butenes that have been obtained via skeletal isom-
erisation of iso-butene which is produced from t-butanol via
dehydration.

Metathesis (co-metathesis) reaction between ethylene and
butene-2 allows producing propylene from n-butenes. How-
ever, the presence of iso-butene has to be minimised in a
metathesis reaction as iso-butene results in heavier hydrocar-
bons and hence loss of potential butene-2 that can make more
propylene. The following show various metathesis reactions:
Co-Metathesis

/ + /\/ -— /\
Autometathesis
AN N T AN T NN

Heavies Formation During Metathesis in Presence of Iso-
Butene

)\+/\/H\)\+/\
)\ . \)\ 7
)\+/\/H/\)\+/

Tungsten based catalyst are one of the most preferred cata-
lystused in the industry. In particular, U.S. Pat. No. 4,575,575
and Journal of Molecular Catalysis, Vol. 28, p. 117 (1985)
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describe the metathesis reaction between ethylene and
2-butene at330° C. over silica-supported tungsten oxide cata-
lyst, the conversion of butene being only 31%, while when
magnesium oxide is used as a co-catalyst, the conversion
increases to 67%. Moreover, U.S. Pat. No. 4,754,098 reports
that for metathesis reaction at 330° C., the use of magnesium
oxide, supported on y-alumina increases the conversion of
butene to 75%. It is also reported in U.S. Pat. No. 4,684,760
that lower temperature of 270° C. (the butene conversion is
maintained at 74%) can be used when both magnesium oxide
and lithium hydroxide are supported on y-alumina.

Several techniques have been proposed to remove iso-
butene upstream of a metathesis reactor. A first one is to
convert the iso-butene into methyl-t-butyl-ether or ethyl-t-
butyl-ether by reaction with methanol or ethanol respectively
over acid-type catalysts. The ethers can be used as gasoline
components. A second one is to convert iso-butene into oli-
gomers over acid-type catalysts. The oligomers, mainly iso-
octenes and iso-dodecenes can be used as gasoline compo-
nent, either as such or after hydrogenation. A third one is the
catalytic hydration of iso-butene into tertiary butylalcohol
over acid-type catalyst. A fourth one is to distil the C4 fraction
in a superfractionator. As the boiling points of iso-butene and
1-butene are very close, this can be done in a catalytic distil-
lation column that converts the 1-butene continuously into
2-butene over a catalyst, the latter being significantly heavier
than the iso-butene and goes to the bottom of the distillation
tower. In a preferred method the isobutene is removed by
catalytic distillation combining hydroisomerization and
superfractionation. The hydroisomerization converts
1-butene to 2-butene, and the superfractionation removes the
isobutene, leaving a relatively pure 2-butene stream. The
advantage to converting the 1-butene to 2-butene in this sys-
tem is that the boiling point of 2-butene (1° C. for the trans
isomer, 4° C. for the cis isomer) is further away from the
boiling point of isobutylene (-7° C.) than that of 1-butene
(=6° C.), thereby rendering the removal of isobutene by
superfractionation easier and less costly and avoiding the loss
of 1-butene overhead with the isobutylene. The isomerisation
catalyst, placed in the distillation column can be any catalyst
that has isomerisation activity under the typical conditions of
the distillation column. Preferred catalysts are palladium con-
taining catalysts that are known to isomerise mono-olefins in
the presence of small amounts of hydrogen. Often at the same
time traces of diolefins can be converted into mono-olefins in
presence of hydrogen.

It has now been discovered that the dehydration of isobu-
tanol and the skeletal isomerisation of the iso-butyl moiety of
isobutanol can be carried out simultaneously and that the
resulting mixture of iso-butene and n-butenes, optionally
depleted from iso-butene so that the remaining n-butenes can
be efficiently used in the metathesis with ethylene or in
autometathesis to produce propylene.

It is also part of the present invention that in the case an
iso-butene enriched fraction is produced by distillation that
this iso-butene fraction can be further converted into
n-butenes by recycling it over the simultaneous dehydration/
isomerisation reactor.

By way of example it has been discovered that for the
simultaneous dehydration and skeletal isomerisation of
isobutanol, crystalline silicates of the group FER, MWW,
EUO, MFS, ZSM-48, MTT, MFI, MEL or TON having Si/Al
higher than 10,
or a dealuminated crystalline silicate of the group FER,
MWW, EUO, MFS, ZSM-48, MIT, MFI, MEL or TON hav-
ing Si/Al higher than 10,
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6
or a phosphorus modified crystalline silicate of the group
FER, MWW, EUO, MFS, ZSM-48, MIT, MFI, MEL or TON
having Si/Al higher than 10,
or molecular sieves of the type silicoaluminophosphate of the
group AEL
or silicated, zirconated, titanated or fluorinated alumina’s,
have many advantages.

Said dehydration can be made with a WHSV (Weight
Hourly Space Velocity=ratio of feed flow rate (gram/h) to
catalyst weight) of at least 1 h™", at a temperature from 200 to
600° C. and using a isobutanol-diluent composition from 30
to 100% isobutanol at a total operating pressure from 0.05 to
1.0 MPa.

By way of example, in the dehydration/isomerisation of
isobutanol on a ferrierite having a Si/Al ratio from 10 to 90
and with a WHSV of at least 2 h™" to make n-butenes beside
iso-butene, the isobutanol conversion is at least 98% and often
99%, advantageously the butenes (iso and n-butenes) yield is
at least 90%, the n-butenes selectivity is between 5% and the
thermodynamic equilibrium at the given reaction conditions.

The isobutanol conversion is the ratio (isobutanol intro-
duced in the reactor—isobutanol leaving the reactor)/(isobu-
tanol introduced in the reactor).

The n-butenes yield is the ratio, on carbon basis, (n-butenes
leaving the reactor)/(isobutanol introduced in the reactor).

The n-butenes selectivity is the ratio, on carbon basis,
(n-butenes leaving the reactor)/(isobutanol converted in the
reactor).

The simultaneous dehydration/isomerisation of isobutanol
results in a mixture of n-butenes (but-1-ene and but-2-ene)
and iso-butene. According to the present invention, often a
composition close to thermodynamic equilibrium is obtained
while maintaining the high yield of total butenes. The ther-
modynamic equilibrium for n-butenes varies between 50 and
65% and for iso-butene between 35 and 50% depending on
operating conditions. An important advantage of the present
invention is that the composition resembles the composition
of'a raffinate I C4 cut obtained from a steam naphtha cracker.
Raffinate I is obtained by removing butadiene from the raw
C4 cut produced on a steam naphtha cracker. Typical compo-
sitions are: 35-45% isobutane, 3-15% butanes and the
remaining 52-40% n-butenes. Said product from the simul-
taneous dehydration/isomerisation can readily replace the use
of raffinate I in existing petrochemical plants. The result is
that capital investment can be minimised and that the deriva-
tives from such iso-butene/n-butenes mixture can hence be
produced from renewable resources instead of fossil
resources simply by substituting fossil raffinate I by the prod-
uct of the present invention.

EP 2090561 A1 describes the dehydration of an alcohol on
crystalline silicates to get the corresponding olefin. Ethanol,
propanol, butanol and phenylethanol are cited. Only ethanol
is used in the examples. Nothing is cited about isobutanol and
isomerisation thereof.

BRIEF SUMMARY OF THE INVENTION

The present invention relates to a process for the produc-
tion of propylene in which in a first step isobutanol is sub-
jected to a simultaneous dehydration and skeletal isomerisa-
tion to make substantially corresponding olefins, having the
same number of carbons and consisting essentially of a mix-
ture of n-butenes and iso-butene and in a second step
n-butenes are subjected to methathesis, said process compris-
ing:

a) introducing in a reactor a stream (A) comprising isobu-
tanol, optionally water, optionally an inert component,
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b) contacting said stream with a catalyst in said reactor at
conditions effective to dehydrate and skeletal isomerise at
least a portion of the isobutanol to make a mixture of
n-butenes and iso-butene,

¢) recovering from said reactor a stream (B), removing
water, the inert component if any and unconverted isobutanol
if any to get a mixture of n-butenes and iso-butene,

d) fractionating said mixture to produce a n-butenes stream
(N) and to remove the essential part of isobutene optionally
recycled with stream (A) to the dehydration/isomerization
reactor of step b),

e) sending the stream (N) to a methathesis reactor and
contacting stream (N) with a catalyst in said methathesis
reactor, optionally in the presence of ethylene, at conditions
effective to produce propylene,

f) recovering from said methathesis reactor a stream (P)
comprising essentially propylene, unreacted n-butenes, heav-
ies, optionally unreacted ethylene,

g) fractionating stream (P) to recover propylene and
optionally recycling unreacted n-butenes and unreacted eth-
ylene to the methathesis reactor.

In a first embodiment the WHSV of the isobutanol is at
least 1 h™! and the catalyst in the dehydration/isomerization
reactor is capable to make simultaneously the dehydration
and skeletal isomerization of butene.

In a second embodiment, whichever is the isobutanol
WHSYV, the temperature ranges from 200° C. to 600° C. and
the catalyst in the dehydration/isomerization reactor is
capable to make simultaneously the dehydration and skeletal
isomerization of butene.

Advantageously the dehydration/isomerization catalyst is
a crystalline silicate of the group FER, MWW, EUO, MFS,
ZSM-48, MIT, MFI, MEL or TON having Si/Al higher than
10,
or a dealuminated crystalline silicate of the group FER,
MWW, EUO, MFS, ZSM-48, MTT, MFI, MEL or TON
having Si/Al higher than 10,
or a phosphorus modified crystalline silicate of the group
FER, MWW, EUO, MFS, ZSM-48, MTT, MFI, MEL or TON
having Si/Al higher than 10,
or a silicoaluminaphosphate molecular sieve of the group
AEL,
or a silicated, zirconated or titanated or fluorinated alumina.

It would not depart from the scope of the invention if the
isobutanol feedstock comprises one or more of the other C4
alcohols such as 2-butanol, tertiary-butanol and n-butanol.
Advantageously isobutanol is the major component among
alcohols in the feedstock, this means the ratio of isobutanol to
all the C4 alcohols in the feedstock is about 42% or above.
More advantageously the previous ratio is 70% or more and
preferably 80% or more. Of course if the proportion of isobu-
tanol is too low the invention is of low interest, as the dehy-
dration should then better be done without occurrence of
skeletal isomerisation and there are a lot of catalysts in the
prior art capable to dehydrate isobutanol, 2-butanol and n-bu-
tanol to produce the corresponding butenes. Dehydration of
tertiary-butanol to isobutene followed by a skeletal isomeri-
sation of at least a part of the tertiary-butanol is described in
WO 2005110951.

In a specific embodiment, the mixture of n-butenes and
iso-butene is fractionated into an iso-butene rich stream and a
n-butenes rich stream or the iso-butene is selectively trans-
formed in an easy separable product (iso-octenes, iso-
dodecenes, t-butanol, MTBE or ETBE). The iso-butene rich
stream can be recycled back over the simultaneous dehydra-
tion/isomerisation reactor to produce more n-butenes.
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The n-butenes are sent to a metathesis reactor where they are
converted into propylene by autometathesis or they are sent to
a metathesis reactor where they are converted in the presence
of'added ethylene into propylene.

In a specific embodiment the n-butenes stream (N) of step
d) comprises less than 10 w % of iso-butene and preferably
less than 5 w %.

In a specific embodiment in the fractionation of step d)
iso-butene is removed by selective oligomerisation of iso-
butene. Said oligomerisation produces advantageously
mainly iso-octenes and iso-dodecenes.

In a specific embodiment in the fractionation of step d)
iso-butene is removed by selective etherification with metha-
nol or ethanol.

In a specific embodiment in the fractionation of step d)
iso-butene is removed by selective hydratation into t-butanol.
Optionally said t-butanol is recycled to the dehydration/
isomerization reactor of step b).

In a specific embodiment the metathesis is carried out as
autometathesis with only butenes as feedstock.

In a specific embodiment the n-butenes stream (N) recov-
ered at step d) is sent to an isomerisation unit to produce a
n-butenes stream having a reduced 1-butene content and an
enhanced 2-butene content, then said stream is sent to the
methathesis reactor.

In a specific embodiment the fractionation of step d) is
made by a catalytic distillation column wherein the essential
part of 1-butene is isomerised to 2-butene, iso-butene is
recovered as overhead and 2-butene is recovered in the bot-
toms of said column. Advantageously iso-butene is recycled
to the dehydration/isomerization reactor of step b).

In a specific embodiment the metathesis is carried out by
adding ethylene to the butenes. Advantageously the butenes
are essentially 2-butene.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts applications of n-butenes and isobutene.

FIG. 2 depicts oligomerisation implementation to remove
iso-butene.

FIG. 3 depicts etherification implementation to remove
iso-butene.

FIG. 4 depicts hydration implementation to remove iso-
butene.

FIG. 5 depicts catalytic distillation implementation to
remove iso-butene.

DETAILED DESCRIPTION OF THE INVENTION

As regards the stream (A), the isobutanol may be subjected
to simultaneous dehydration and skeletal isomerisation alone
or in mixture with an inert medium. The inert component is
any component provided it is substantially not converted on
the catalyst. Because the dehydration step is endothermic the
inert component can be used as energy vector. The inert
component allows reducing the partial pressure of the isobu-
tanol and other reaction intermediates and will hence reduce
secondary reactions like oligo/polymerisation. The inert
component may be selected among water, nitrogen, hydro-
gen, CO2 and saturated hydrocarbons. It may be such that
some inert components are already present in the isobutanol
because they were used or co-produced during the production
of isobutanol. Examples of inert components that may
already be present in the isobutanol are water and CO2. The
inert component may be selected among the saturated hydro-
carbons having up to 10 carbon atoms, naphtenes. Advanta-
geously it is a saturated hydrocarbon or a mixture of saturated
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hydrocarbons having from 3 to 7 carbon atoms, more advan-
tageously having from 4 to 6 carbon atoms and is preferably
pentane. An example of inert component can be any indi-
vidual saturated compound, a synthetic mixture of the indi-
vidual saturated compounds as well as some equilibrated
refinery streams like straight naphtha, butanes etc. Advanta-
geously the inert component is a saturated hydrocarbon hav-
ing from 3 to 6 carbon atoms and is preferably pentane. The
weight proportions of respectively isobutanol and inert com-
ponent are, for example, 30-100/70-0 (the total being 100).
The stream (A) can be liquid or gaseous.

As regards the reactor for the simultaneous dehydration/
isomerisation, it can be a fixed bed reactor, a moving bed
reactor or a fluidized bed reactor. A typical fluid bed reactor is
one of the FCC type used for fluidized-bed catalytic cracking
in the oil refinery. A typical moving bed reactor is of the
continuous catalytic reforming type. The simultaneous dehy-
dration/isomerisation may be performed continuously in a
fixed bed reactor configuration using a pair of parallel
“swing” reactors. The various preferred catalysts of the
present invention have been found to exhibit high stability.
This enables the dehydration process to be performed con-
tinuously in two parallel “swing” reactors wherein when one
reactor is operating, the other reactor is undergoing catalyst
regeneration. The catalyst of the present invention also can be
regenerated several times.

The simultaneous dehydration/isomerisation may be per-
formed continuously in a moving bed reactor in which the
catalyst circulates from a reaction zone to a regeneration zone
and backwards with a residence time of the catalyst in the
reaction zone of at least 12 hours. In each zone the catalyst
behaves substantially like in a fixed bed reactor, but the cata-
lyst moves slowly, by gravity or pneumatically through the
respective zone. The use of a moving bed reaction allows
accomplishing a continuous operation with no switching of
the feedstock and regeneration gas from one reactor to
another one. The reaction zone receives continuously the
feedstock while the regeneration zone receives continuously
the regeneration gas.

The simultaneous dehydration/isomerisation may be per-
formed continuously in a fluidised bed reactor in which the
catalyst circulates from a reaction zone to a regeneration zone
and backwards with a residence time of the catalyst in the
reaction zone of less than 12 hours. In each zone the catalyst
is in a fluidised state and exhibit such a shape and size that it
remains fluidised in the flow of the feedstock and reaction
products or regeneration gas. The use of a fluidised bed reac-
tor allows regenerating very rapidly deactivated catalyst by
regeneration in the regeneration zone.

As regards the pressure for the simultaneous dehydration/
isomerisation, it can be any pressure but it is more easy and
economical to operate at moderate pressure. By way of
example the pressure of the reactor ranges from 0.5 to 10 bars
absolute (50kPato 1 MPa), advantageously from 0.5 to 5 bars
absolute (50 kPa to 0.5 MPa), more advantageously from 1.2
to 5 bars absolute (0.12 MPa to 0.5 MPa) and preferably from
1.2to 4 bars absolute (0.12 MPa to 0.4 MPa). Advantageously
the partial pressure of the isobutanol is from 0.1 to 4 bars
absolute (0.01 MPa to 0.4 MPa), more advantageously from
0.5 to 3.5 bars absolute (0.05 MPa to 0.35 MPa).

As regards the temperature for the simultaneous dehydra-
tion/isomerisation, and the first embodiment it ranges from
200° C. to 600° C., advantageously from 250° C. to 500° C.,
more advantageously from 300° C. to 450° C. As regards the
temperature and the second embodiment it ranges from 200°
C. to 600° C., advantageously from 250° C. to 500° C., more
advantageously from 300° C. to 450° C.
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These reaction temperatures refer substantially to average
catalyst bed temperature. The isobutanol dehydration is an
endothermic reaction and requires the input of reaction heat
in order to maintain catalyst activity sufficiently high and
shift the dehydration thermodynamic equilibrium to suffi-
ciently high conversion levels.

In case of fluidised bed reactors: (i) for stationary fluidised
beds without catalyst circulation, the reaction temperature is
substantially homogeneous throughout the catalyst bed; (ii)
in case of circulating fluidised beds where catalyst circulates
between a converting reaction section and a catalyst regen-
eration section, depending on the degree of catalyst backmix-
ing the temperature in the catalyst bed approaches homoge-
neous conditions (a lot of backmixing) or approaches plug
flow conditions (nearly no backmixing) and hence a decreas-
ing temperature profile will install as the conversion pro-
ceeds.

In case of fixed bed or moving bed reactors, a decreasing
temperature profile will install as the conversion of the isobu-
tanol proceeds. In order to compensate for temperature drop
and consequently decreasing catalyst activity or approach to
thermodynamic equilibrium, reaction heat can be introduced
by using several catalyst beds in series with interheating of
the reactor effluent from the first bed to higher temperatures
and introducing the heated effluent in a second catalyst bed,
etc. When fixed bed reactors are used, a multi-tubular reactor
can be used where the catalyst is loaded in small-diameter
tubes that are installed in a reactor shell. At the shell side, a
heating medium is introduced that provides the required reac-
tion heat by heat-transfer through the wall of the reactor tubes
to the catalyst.

As regards the WHSV of the isobutanol for the simulta-
neous dehydration/isomerisation, and the first embodiment it
ranges advantageously from 1 to 30 h™?, preferably from 2 to
21 h™', more preferably from 7 to 12 h™'. As regards the
second embodiment it ranges advantageously from 1 to 30
h™', more advantageously from 2 to 21 h™*, preferably from 5
to 15 h™*, more preferably from 7 to 12 h™".

As regards the stream (B) from the simultaneous dehydra-
tion/isomerisation, it comprises essentially water, olefin, the
inert component (if any) and unconverted isobutanol. Said
unconverted isobutanol is supposed to be as less as possible.
The olefin is recovered by usual fractionation means. Advan-
tageously the inert component, if any, is recycled in the
stream (A) as well as the unconverted isobutanol, if any.
Unconverted isobutanol, if any, is recycled to the reactor in
the stream (A).

Advantageously among the butenes the proportion of
n-butenes is above 20%, advantageously above 30%, more
advantageously above 40%, preferably above 50%.

As regards the catalyst for the simultaneous dehydration/
isomerisation, advantageously it is a crystalline silicate of the
group FER (ferrierite, FU-9, ZSM-35), MWW (MCM-22,
PSH-3, ITQ-1, MCM-49), EUO (ZSM-50, EU-1), MFS
(ZSM-57), ZSM-48, MTT (ZSM-23), MFI (ZSM-5), MEL
(ZSM-11) or TON (ZSM-22, Theta-1, NU-10),
or a dealuminated crystalline silicate of the group FER (fer-
rierite, FU-9, ZSM-35), MWW (MCM-22, PSH-3, I1TQ-1,
MCM-49), EUO (ZSM-50,EU-1), MFS (ZSM-57), ZSM-48,
MIT (ZSM-23), MFI (ZSM-5), MEL (ZSM-11) or TON
(ZSM-22, Theta-1, NU-10),
or a phosphorus modified crystalline silicate of the group
FER (ferrierite, FU-9, ZSM-35), MWW (MCM-22, PSH-3,
ITQ-1, MCM-49), EUO (ZSM-30, EU-1), MFS (ZSM-57),
7ZSM-48, MTT (ZSM-23), MF1 (ZSM-5), MEL (ZSM-11) or
TON (ZSM-22, Theta-1, NU-10),
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or a silicoaluminophosphate molecular sieve of the group
AEL (SAPO-11),
or a silicated, zirconated or titanated or fluorinated alumina.

A preferred catalyst is a crystalline silicate of the group
FER or MFI having Si/Al higher than 10,
oradealuminated crystalline silicate of the group FER or MFI
having Si/Al higher than 10,
or a phosphorus modified crystalline silicate of the group
FER or MFI having Si/Al higher than 10,

About the crystalline silicate of FER structure (ferrierite,
FU-9, ZSM-35) it can be the lamellar precursor which
becomes FER by calcinations.

The Si/Al ratio of the crystalline silicate is advantageously
higher than 10.

The crystalline silicate is such as the Si/Al ratio ranges
more advantageously from 10 to 500, preferably from 12 to
250, more preferably from 15 to 150.

The acidity ofthe catalyst can be determined by the amount
of residual ammonia on the catalyst following contact of the
catalyst with ammonia which adsorbs on the acid sites of the
catalyst with subsequent ammonium desorption at elevated
temperature measured by differential thermogravimetric
analysis or analysis of ammonia concentration in the des-
orbed gases.

The crystalline silicate can be subjected to various treat-
ments before use in the dehydration including, ion exchange,
modification with metals (in a not restrictive manner alkali,
alkali-earth, transition, or rare earth elements), external sur-
face passivation, modification with P-compounds, steaming,
acid treatment or other dealumination methods, or combina-
tion thereof.

In a specific embodiment the crystalline silicate is steamed
to remove aluminium from the crystalline silicate framework.
The steam treatment is conducted at elevated temperature,
preferably in the range of from 425 to 870° C., more prefer-
ably in the range of from 540 to 815° C. and at atmospheric
pressure and at a water partial pressure of from 13 to 200 kPa.
Preferably, the steam treatment is conducted in an atmosphere
comprising from 5 to 100 vol % steam. The steam atmosphere
preferably contains from 5 to 100 vol % steam with from O to
95 vol % of an inert gas, preferably nitrogen. The steam
treatment is preferably carried out for a period of from 1 to
200 hours, more preferably from 4 hours to 10 hours. As
stated above, the steam treatment tends to reduce the amount
of tetrahedral aluminium in the crystalline silicate frame-
work, by forming alumina.

In a more specific embodiment the crystalline silicate is
dealuminated by heating the catalyst in steam to remove
aluminium from the crystalline silicate framework and
extracting aluminium from the catalyst by contacting the
catalyst with a complexing agent for aluminium to remove
from pores of the framework alumina deposited therein dur-
ing the steaming step thereby to increase the silicon/alu-
minium atomic ratio of the catalyst. In accordance with the
present invention, the commercially available crystalline sili-
cate is modified by a steaming process which reduces the
tetrahedral aluminium in the crystalline silicate framework
and converts the aluminium atoms into octahedral aluminium
in the form of amorphous alumina. Although in the steaming
step aluminium atoms are chemically removed from the crys-
talline silicate framework structure to form alumina particles,
those particles cause partial obstruction of the pores or chan-
nels in the framework. This could inhibit the dehydration
process of the present invention. Accordingly, following the
steaming step, the crystalline silicate is subjected to an extrac-
tion step wherein amorphous alumina is removed from the
pores and the micropore volume is, at least partially, recov-
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ered. The physical removal, by a leaching step, of the amor-
phous alumina from the pores by the formation of a water-
soluble aluminium complex yields the overall effect of
de-alumination of the crystalline silicate. In this way by
removing aluminium from the crystalline silicate framework
and then removing alumina formed therefrom from the pores,
the process aims at achieving a substantially homogeneous
de-alumination throughout the whole pore surfaces of the
catalyst. This reduces the acidity of the catalyst. The reduc-
tion of acidity ideally occurs substantially homogeneously
throughout the pores defined in the crystalline silicate frame-
work. Following the steam treatment, the extraction process
is performed in order to de-aluminate the catalyst by leaching.
The aluminium is preferably extracted from the crystalline
silicate by a complexing agent which tends to form a soluble
complex with alumina. The complexing agent is preferably in
anaqueous solution thereof. The complexing agent may com-
prise an organic acid such as citric acid, formic acid, oxalic
acid, tartaric acid, malonic acid, succinic acid, glutaric acid,
adipic acid, maleic acid, phthalic acid, isophthalic acid,
fumaric acid, nitrilotriacetic acid, hydroxyethylenediamin-
etriacetic acid, ethylenediaminetetracetic acid, trichloroace-
tic acid trifluoroacetic acid or a salt of such an acid (e.g. the
sodium salt) or a mixture of two or more of such acids or salts.
The complexing agent may comprise an inorganic acid such
asnitric acid, halogenic acids, sulphuric acid, phosphoric acid
or salts of such acids or a mixture of such acids. The com-
plexing agent may also comprise a mixture of such organic
and inorganic acids or their corresponding salts. The com-
plexing agent for aluminium preferably forms a water-soluble
complex with aluminium, and in particular removes alumina
which is formed during the steam treatment step from the
crystalline silicate.

Following the aluminium leaching step, the crystalline sili-

cate may be subsequently washed, for example with distilled
water, and then dried, preferably at an elevated temperature,
for example around 110° C.
Additionally, if during the preparation of the catalysts of the
invention alkaline or alkaline earth metals have been used, the
molecular sieve might be subjected to an ion-exchange step.
Conventionally, ion-exchange is done in aqueous solutions
using ammonium salts or inorganic acids.

Following the de-alumination step, the catalyst is thereaf-
ter calcined, for example at a temperature of from 400 to 800°
C. at atmospheric pressure for a period of from 1 to 10 hours.

Another suitable catalyst for the present process is the
silicoaluminophosphate molecular sieves of the AEL group
with typical example the SAPO-11 molecular sieve. The
SAPO-11 molecular sieve is based on the ALPO-11, having
essentially an Al/P ratio of 1 atom/atom. During the synthesis
silicon precursor is added and insertion of silicon in the ALPO
framework results in an acid site at the surface of the
micropores of the 10-membered ring sieve. The silicon con-
tent ranges from 0.1 to 10 atom % (Al+P+Si is 100).

In another specific embodiment the crystalline silicate or
silicoaluminophosphate molecular sieve is mixed with a
binder, preferably an inorganic binder, and shaped to a
desired shape, e.g. pellets. The binder is selected so as to be
resistant to the temperature and other conditions employed in
the dehydration process of the invention. The binder is an
inorganic material selected from clays, silica, metal silicates,
metal oxides such as Zr0, and/or metals, or gels including
mixtures of silica and metal oxides. If the binder which is used
in conjunction with the crystalline silicate is itself catalyti-
cally active, this may alter the conversion and/or the selectiv-
ity of the catalyst. Inactive materials for the binder may suit-
ably serve as diluents to control the amount of conversion so
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that products can be obtained economically and orderly with-
out employing other means for controlling the reaction rate. It
is desirable to provide a catalyst having a good crush strength.
This is because in commercial use, it is desirable to prevent
the catalyst from breaking down into powder-like materials.
Such clay or oxide binders have been employed normally
only for the purpose of improving the crush strength of the
catalyst. A particularly preferred binder for the catalyst of the
present invention comprises silica. The relative proportions
of'the finely divided crystalline silicate material and the inor-
ganic oxide matrix of the binder can vary widely. Typically,
the binder content ranges from 5 to 95% by weight, more
typically from 20 to 75% by weight, based on the weight of
the composite catalyst. Such a mixture of the crystalline
silicate and an inorganic oxide binder is referred to as a
formulated crystalline silicate. In mixing the catalyst with a
binder, the catalyst may be formulated into pellets, extruded
into other shapes, or formed into spheres or a spray-dried
powder. Typically, the binder and the crystalline silicate are
mixed together by a mixing process. In such a process, the
binder, for example silica, in the form of a gel is mixed with
the crystalline silicate material and the resultant mixture is
extruded into the desired shape, for example cylindrical or
multi-lobe bars. Spherical shapes can be made in rotating
granulators or by oil-drop technique. Small spheres can fur-
ther be made by spray-drying a catalyst-binder suspension.
Thereafter, the formulated crystalline silicate is calcined in
air or an inert gas, typically at a temperature of from 200 to
900° C. for a period of from 1 to 48 hours.

In addition, the mixing of the catalyst with the binder may
be carried out either before or after the steaming and extrac-
tion steps.

Another family of suitable catalysts for the simultaneous
dehydration and skeletal isomerisation are alumina’s that
have been modified by surface treatment with silicon, zirco-
nium, titanium or fluor. Alumina’s are generally characterised
by a rather broad acid strength distribution and having both
Lewis-type and Bronsted-type acid sites. The presence of a
broad acid strength distribution makes the catalysis of several
reactions, requiring each a different acid strength, possible.
This often results in low selectivity for the desired product.
Deposition of silicon, zirconium, titanium or fluor on the
surface of alumina allows rendering the catalyst significantly
more selective. For the preparation of the alumina based
catalyst, suitable commercial alumina’s can be used, prefer-
ably eta or gamma alumina, having a surface area of 10 to 500
m2/gram and an alkali content of less than 0.5%. The catalyst
according to the present invention is prepared by adding 0.05
to 10% of silicon, zirconium or titanium. The addition of
these metals can be done during the preparation of the alu-
mina or can be added to the existing alumina, eventually
already activated. Addition of the metal during the prepara-
tion of the alumina can be done by dissolving the metal
precursor together with the aluminium precursor before pre-
cipitation of the final alumina or by addition of the metal
precursor to the aluminium hydroxide gel. A preferred
method is adding metal precursors to the shaped alumina.
Metal precursors are dissolved in a suitable solvent, either
aqueous or organic, and contacted with the alumina by incipi-
ent wetness impregnation or by wet impregnation or by con-
tacting with an excess of solute during a given time, followed
by removing the excess solute. The alumina can also be
contacted with vapour of the metal precursor. Suitable metal
precursors are halides of silicon, zirconium or titanium, oxy-
halides of zirconium or titanium; alcoxides of silicon, zirco-
nium or titanium; oxalates or citrates of zirconium or titanium
or mixtures of the above. The solvent is selected according to
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the solubility of the metal precursor. The contacting can be
done at temperature of 0° C. to 500° C., most preferred from
10° C. to 200° C. After the contacting, the alumina is even-
tually washed, dried and finally calcined in other to enhance
the surface reaction between the silicon, zirconium or tita-
nium and the alumina and the removal of the metal precursor
ligands. The use of silicated, zirconated or titanated or fluori-
nated alumina’s for the simultaneous dehydration and skel-
etal isomerisation of isobutanol is preferably done in the
presence of water. The weight ratio of water to isobutanol
ranges from 1/25 to 3/1. Fluorinated alumina is known in
itself and can be made according to the prior art.

As regards the use of the product from the simultaneous
dehydration/isomerisation, the mixture of n-butenes and iso-
butene can replace the use of raffinate I in the refinery or
petrochemical plants. FIG. 1 shows the main applications of
n-butenes and isobutene. The most typical application of such
mixture is the conversion of the contained iso-butene into
ethers (MTBE and ETBE), into t-butylalcohol (TBA) or oli-
gomers (e.g. di/tri-iso-butenes), all being gasoline compo-
nents. The higher oligomers of iso-butene can be used for jet
fuel/kerosene applications. High purity iso-butene can further
be made by the decomposition of ethers (backcracking) or
TBA (dehydration). High purity iso-butene finds applications
in the production of Butyl-rubber, Poly-isobutene, Methyl-
methacrylate, Isoprene, Hydrocarbons resins, t-Butyl-amine,
Alkyl-phenols and t-butyl-mercaptan.

The n-butenes, having not reacted during the production of
ethers or TBA and substantially not or only to a limited extend
during the oligomerisation, have applications in the produc-
tion of sec-Butanol, Alkylate (addition of isobutane to
butenes), Polygasoline, Oxo-alcohols and Propylene (met-
athesis with ethylene or self-metathesis between but-1-ene
and but-2-ene). By means of superfractionation or extractive
distillation or absorptive separation but-1-ene can be isolated
from the n-butenes mixture. But-1-ene is used as comonomer
for the production of polyethylenes, for poly-but-1-ene and
n-butyl-mercaptan.

n-Butenes can also be separated from iso-butene by means
of'a catalytic distillation. This involves an isomerisation cata-
lyst that is located in the distillation column and continuously
converts the but-1-ene into but-2-ene, being a heavier com-
ponent than but-1-ene. Doing so, a bottom product rich in
but-2-ene and a top product poor in but-1-ene and rich in
iso-butene is produced. The bottom product can be used as
described above. One main application of such but-2-ene rich
stream is the metathesis with ethylene in order to produce
propylene. Ifhigh purity iso-butene is desired the top product
can be further superfractionated into substantially pure iso-
butene and pure but-1-ene or the iso-butene can be isolated
via formation of ethers or TBA that is subsequently decom-
posed into pure iso-butene.

The n-butenes rich stream may be used for the production
of butadiene via dehydrogenation or oxidative dehydrogena-
tion.

The mixture of isobutene and butenes can be sent to a
catalytic cracking which is selective towards light olefins in
the effluent, the process comprising contacting said isobutene
and butenes mixture with an appropriate catalyst to produce
an effluent with an olefin content of lower molecular weight
than that of the feedstock. Said cracking catalyst can be a
silicalite (MFI or MEL type) or a P-ZSM5.

As regards the preparation of the metathesis feedstock, it is
preferred to remove the iso-butene before metathesis. This
can be done by a selective chemical transformation of iso-
butene or by distillation. Selective chemical transformations
are: (i) oligomerisation, (ii) etherification or (iii) hydration or
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combinations of them. The resulting products are respec-
tively: (i) iso-octenes for use in gasoline, tri, tetra or pentam-
ers of substantially iso-butene for use in Jet fuel or kerozine;
(i1) methyl-t-butylether or ethyl-t-butylether; (iii) t-butanol.
The oligomers are eventually hydrogenated to the corre-
sponding paraffin’s. The t-butanol can eventually be recycled
back into the simultaneous dehydration/skeletal isomerisa-
tion reaction sections.

A preferred distillation method is the catalytic distillation
during which the 1-butene is continuously transformed into
2-butenes so as to optimise the 2-butenes yield and minimise
entrainment of 1-butene with the overhead iso-butene. The
iso-butene rich overhead can be recycling back to the simul-
taneous dehydration/skeletal isomerisation reaction sections.

As regards the metathesis catalyst, three types of metal
containing catalysts can be suitable to perform the dispropor-
tionation reaction. The co-metathesis reaction of the ethylene
with the butene-2 or the autometathesis of a mixture of
1-butene and 2-butene can be catalyzed by three metallic
oxides that are dispersed on carriers: by molybdenum (even-
tually in combination with cobalt and rhenium), tungsten or
rhenium oxides.

A first kind of catalyst is Rhenium supported on alumina-
containing carrier. The Rhenium content can be from 0.5to 15
wt %. The Rhenium catalyst is before use heat treated at a
temperature of at least 400° C., preferably at least at 500° C.
Optionally the catalyst can be activated before use by treating
it with alkyl-boron, alkyl-aluminium or alkyl-tin compounds.
The rhenium oxide is deposited on a substrate that comprises
a refractory oxide, containing at least alumina and exhibiting
an acidic nature, such as, for example, alumina, silica-alumi-
na’s or zeolites.

By way of preferred examples, the catalysts comprise rhe-
nium heptoxide that is deposited on a gamma-alumina, such
as those described in U.S. Pat. No. 4,795,734. The rhenium
content can be 0.01 to 20 wt %, preferably 1 to 15 wt %.

The catalysts that comprise rhenium heptoxide that is
deposited on an alumina can also be modified by the addition
of a metal oxide. 0.01 to 30 wt % of at least one metal oxide
of the niobium or tantalum group can be added according to
FR2709125. FR2740056 describes that 0.01 to 10% by
weight of aluminium of a compound of formula (RO) AIR',,
where R is a hydrocarbyl radical of 1 to 40 carbon atoms, R’
is an alkyl radical of 1 to 20 carbon atoms, and q and r are
equal to 1 or 2, with g+r equal to 3, can be added.

The metathesis reaction over rhenium heptoxide catalysts
is carried out preferably in a liquid phase, in absence of
oxygen-containing compounds and moisture, and at a tem-
perature of 0 to 150° C., preferably 20 to 100° C., under a
pressure at least to keep the reaction mixture at the reaction
temperature in the liquid state.

A second type of catalyst is tungsten supported on silica
carrier. The tungsten content can be from 1 to 15 wt %. The
tungsten based catalyst is heat treated before use at least at
300° C., preferably at least at 500° C. The catalyst can further
be activated by treatment with hydrogen, carbon monoxide or
by ethylene.

The tungsten based catalysts are advantageously used in
combination with a co-catalyst. Examples of co-catalysts
used in the invention include compounds of metal belonging
to Group la (alkali metals), Group Ila (alkaline earth metals),
Group IIb and Group Illa of the periodic table or combina-
tions of the latter. Lithium, sodium, potassium, cesium, mag-
nesium, calcium, strontium, barium, zinc, lanthanum and
yttrium are preferred. These metals are generally used as
oxides, as such or deposited on a carrier or as mixed oxides.
Examples of the latter are hydrotalcites that are double lay-
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ered hydroxide of aluminium and magnesium, and solid solu-
tions of aluminium oxide and magnesium oxide obtained by
calcining the corresponding hydrotalcite. The oxides, mixed
oxides, hydroxides, double hydroxides, nitrates and acetates
of the metals may be supported on carriers having a large
surface area.

U.S. Pat. No. 4,575,575, U.S. Pat. No. 4,754,098 and U.S.
Pat. No. 4,684,760 describe that magnesium oxide is essen-
tially used as a co-catalyst. In any of U.S. Pat. No. 4,575,575,
U.S. Pat. No. 4,575,575, U.S. Pat. No. 4,754,098, U.S. Pat.
No. 4,754,098 and U.S. Pat. No. 4,684,760, magnesium oxide
containing a promoter is mentioned as an essential compo-
nent

The carrier for the co-catalyst is preferably a compound
that does not possess acidity, because acid sites may induce
oligomerization of olefins. Preferred examples of the carriers
for the co-catalysts include carbon, basic zeolites, y-alumina,
silica, alkaline earth or alkali silicates, alumino-phosphates,
zirconia and titania. The amount of the co-catalyst metal
oxide deposited on the carrier is generally in the range 01 0.01
to 40 wt %, and is preferably in the range of 0.1 to 20 wt %.

The metal compound for making the co-catalyst can be
supported on the carrier by various methods. Metal precur-
sors can be any salt, as examples nitrates, halides, oxyhalides
or hydroxides. Also alcoxy (RO) compounds can be used as
precursor. The starting material is dissolved into a suitable
solvent, preferably an aqueous solution, and the carrier is
impregnated therewith. The excess of solvent, if any, is then
evaporated to dryness, and the residue is calcined at a tem-
perature of 300° C. or higher in an oxygen atmosphere.

When the carrier is prepared from a metal salt or alcoxy
precursors, a coprecipitation method can be used. Hereto,
metal salts or alcoxy compounds of both the carrier and the
catalytic active metal are mixed and caused to precipitate
simultaneously.

The shapes of the co-catalyst can be essentially any shape
such as spherical shapes, cylindrical shapes, extruded shapes
and pellets. It is preferable that the shape of the particles is
such that the co-catalyst can be easily mixed with the met-
athesis catalyst or can be installed above or below the catalyst
bed containing the metathesis catalyst.

In the metathesis process, the weight ratio of the co-cata-
lyst to the metathesis catalyst is advantageously from 0.1 to
15, preferably from 1 to 8.

Without willing to be bound to any theory, it is believed that
the co-catalyst as of its basic nature exhibits two activities: (i)
the isomerisation of alpha-olefins into internal olefins, the
latter will result in the disproportionation reaction with eth-
ylene, the desired shorter alpha-olefin, namely propylene, (ii)
capturing poisons for the metathesis like any compound that
has some acidic nature as CO,, H,S, H,O etc.

When the metathesis catalyst and co-catalyst are packed
into a fixed bed flow reactor, a physically mixture of the
metathesis catalyst and the co-catalyst may be loaded, as
described in the Journal of Molecular Catalysis, Volume 28,
page 117 (1985), or a layer of the co-catalyst may be packed
ontop ofthe metathesis catalyst. In addition, a combination of
these methods may be used.

A third type of catalyst is molybdenum supported on alu-
mina or silica carrier. Suitable molybdenum oxide based cata-
lysts are disclosed in U.S. Pat. No. 3,658,927 and U.S. Pat.
No. 4,568,788. The disproportionation catalyst in the instant
invention is prepared by using at least one of molybdenum,
eventually combined with cobalt or thenium, supported on an
inorganic oxide support. The inorganic oxide support com-
prises a substantial amount of silica or alumina. Synthetic
refractory oxides include silica, alumina, silica-alumina,
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silica-magnesia, silica-titania, alumina-titania, alumina-
magnesia, boria-alumina-silica, alumina-zirconia, thoria and
silica-titania-zirconia. The molybdenum, eventually in com-
bination with cobalt or rhenium can be dispersed on the
inorganic oxide support by any conventional method such as
impregnation, dry mixing, ion-exchange, coprecipitation. For
example, alumina can be impregnated with an aqueous solu-
tion containing molybdenum salts, such as ammonium hep-
tamolybdate or ammonium dimolybdate. Once the molybde-
num is dispersed on the carrier it is calcined at least at 300° C.
and before use in the metathesis reaction, it may be activated
by contacting with alkyl-boron, alkyl-aluminium or alkyl-tin
compounds. The metal compound for the making of molyb-
denum, rhenium or tungsten based metathesis catalyst can be
supported on the carrier by various methods. Metal precur-
sors can be any salt, as examples nitrates, halides, oxyhalides
or hydroxides. Also polyacids or isopolyacids or the corre-
sponding ammonium salt of the polyacid, or ammonium salt
of the isopolyacid can be used as a starting material. Also
alcoxy (RO) compounds can be used as precursor. The start-
ing material is dissolved into a suitable solvent, preferably an
aqueous solution, and the carrier is impregnated therewith.
The excess of solvent, if any, is then evaporated to dryness,
and the residue is calcined at a temperature of 300° C. or
higher in an oxygen atmosphere.

When the carrier is prepared from a metal salt or alcoxy
precursors, a coprecipitation method can be used. Hereto,
metal salts or alcoxy compounds of both the carrier and the
catalytic active metal are mixed and caused to precipitate
simultaneously.

The carrier is generally formed into essentially any shape
such as spherical shapes, cylindrical shapes, extruded shapes
and pellets. The size of the shaped particles is related to the
reactor type and is generally in the range of 0.01 to 10 mm.

The activity of the metathesis catalyst is generally
decreased by polar compounds like moisture, carbon dioxide,
carbon monoxide, diene compounds, sulphur and nitrogen
compounds, alcohols, aldehydes and carboxylic compounds.
Accordingly, the olefins used as feedstock preferably should
be purified from impurities. Such impurities are removed by
distillation, adsorption, extraction or washing. Other materi-
als used during the process like nitrogen gas and hydrogen gas
that are introduced into the reactor need also extensive puri-
fication. Nitrogen is often needed to purge reactors from
moisture, reducing agents (carbon monoxide, ethylene or
hydrogen) and resulting residues from this reduction.

The most suitable adsorbent to be used is y-alumina or
promoted alumina’s, which is particularly suitable for the
removal of polar substances such as water, mercaptans, alde-
hydes and alcohols. Also, magnesium oxide based adsor-
bents, are suitable for removal of not only neutral polar sub-
stances such as water and the like but also acidic substances
such as carbon dioxide, organic acids and the like. Also,
zeolite compounds, for example, Molecular Sieve 4A, SA,
13X and the like are not only excellent in adsorption of
neutral polar substances such as water and the like but also
very effective in adsorbing basic compounds because their
acidic property. Suitable not restricting examples of zeolite
used are from the A type, X type, Y type, USY type, ZSM-5
type and the like.

Furthermore, the activity of the metathesis catalyst can
further be increased or stabilised by in the presence of hydro-
gen. The amount of hydrogen in the combined feedstock of
olefins (butenes and ethylene) is advantageously in the range
0t 0.1 to 10 vol % and preferably 0.2 to 5 vol %.

The metathesis reaction can be carried out in liquid phase,
gas phase, and mixed gas-liquid phase, which is determined
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by the reaction temperature and pressure. Rhenium based
catalyst performs preferably between 0 and 150° C. at a
pressure to keep the feedstock in the liquid state. Molybde-
num based catalyst perform preferably at 100to 250° C. inthe
gas phase at from 1 to 30 bars pressure. Tungsten based
catalysts perform preferably at 150 to 400° C. at a pressure of
from 5 to 35 bars. The metathesis may be performed continu-
ously in a fixed bed reactor configuration using a pair of
parallel “swing” reactors, provided the catalyst exhibits suf-
ficient stability of atleast 2 days. This enables the methathesis
process to be performed continuously in two parallel “swing”
reactors wherein when one reactor is operating; the other
reactor is undergoing catalyst regeneration. When the catalyst
stability is shorter than about 2 days, metathesis may also be
performed continuously in a moving bed reactor in which the
catalyst circulates from a reaction zone to a regeneration zone
and backwards with a residence time of the catalyst in the
reaction zone of at least 5 hours. In each zone the catalyst
behaves substantially like in a fixed bed reactor, but the cata-
lyst moves slowly, by gravity or pneumatically through the
respective zone. The use of a moving bed reaction allows
accomplishing a continuous operation with no switching of
the feedstock and regeneration gas from one reactor to
another one. The reaction zone receives continuously the
feedstock while the regeneration zone receives continuously
the regeneration gas.

The metathesis can be done with only a mixture of
n-butenes and is commonly known as autometathesis. The
products are propylene and pentenes. The propylene desired
product is recovered while the pentenes can be recycled back
to the metathesis reaction section. The metathesis can also
been carried out by adding ethylene to the n-butenes feed-
stock, commonly known as co-metathesis. The molar ratio of
ethylene to n-butenes is advantageously from 0.75 to 5, pref-
erably from 1 to 2.5.

As regards the products of the metathesis reaction, the
reactor effluent contains non-converted ethylene, if any was
added to the reaction section, and butenes, some heavies and
the desired propylene product. In a de-ethaniser the ethylene,
eventually hydrogen when used, is produced overhead and
recycled back to the metathesis reactor. The bottom product is
further separated in a de-propaniser where the overhead prod-
uct is the desired propylene. The bottom product is typically
butenes and some heavier olefins. The butenes can be
recycled back to the metathesis reactor for further reaction.

FIG. 2 shows the process enchainment with oligomerisa-
tion implementation to remove iso-butene. After the simulta-
neous dehydration/skeletal isomerisation the water product is
separated and the mixture of butenes, eventually containing
some heavies is oligomerised. The oligomerisation effluent
contains oligomers, not-reacted n-butenes and minor
amounts of not-converted iso-butene. The substantially not-
reacted n-butenes are purified and send to the metathesis
reactor alone or mixed with ethylene. The effluent of the
metathesis reactor is fractionated: ethylene is recycled back to
the metathesis reactor; the remaining n-butenes can also be
recycled partially while a purge of butenes and heavies leaves
the recycle loop and propylene is obtained as desired product.

FIG. 3 shows the process enchainment with etherification
implementation to remove iso-butene. After the simultaneous
dehydration/skeletal isomerisation the water product is sepa-
rated and the mixture of butenes, eventually containing some
heavies is etherified by mixing with methanol or ethanol. The
etherification effluent contains ethers, not-reacted n-butenes
and minor amounts of not-converted iso-butene. The substan-
tially not-reacted n-butenes are purified and send to the met-
athesis reactor alone or mixed with ethylene. The effluent of
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the metathesis reactor is fractionated: ethylene is recycled
back to the metathesis reactor; the remaining n-butenes can
also berecycled partially while a purge of butenes and heavies
leaves the recycle loop and propylene is obtained as desired
product.

FIG. 4 shows the process enchainment with hydration
implementation to remove iso-butene. After the simultaneous
dehydration/skeletal isomerisation the water product is even-
tually separated and the mixture of butenes, eventually con-
taining some heavies is hydrated by addition of water. The
hydration effluent contains t-butanol, not-reacted n-butenes
and minor amounts of not-converted iso-butene. The substan-
tially not-reacted n-butenes are purified and send to the met-
athesis reactor alone or mixed with ethylene. The effluent of
the metathesis reactor is fractionated: ethylene is recycled
back to the metathesis reactor; the remaining n-butenes can
also berecycled partially while a purge of butenes and heavies
leaves the recycle loop and propylene is obtained as desired
product. The t-butanol can eventually be recycled back to the
simultaneous dehydration/skeletal isomerisation reactor sec-
tion where it will be simultaneously be dehydration and skel-
etal isomerised.

FIG. 5 shows the process enchainment with catalytic dis-
tillation implementation to remove iso-butene. After the
simultaneous dehydration/skeletal isomerisation the water
product is separated and the mixture of butenes, eventually
containing some heavies is distilled in a catalytic distillation.
The catalytic distillation overhead is a rich iso-butene stream
and the bottom product is a rich 2-butenes stream. The
2-butenes stream are purified and send to the metathesis reac-
tor alone or mixed with ethylene. The effluent of the metathe-
sis reactor is fractionated: ethylene is recycled back to the
metathesis reactor; the remaining n-butenes can also be
recycled partially while a purge of butenes and heavies leaves
the recycle loop and propylene is obtained as desired product.
The rich iso-butene overhead stream can eventually be
recycled back to the simultaneous dehydration/skeletal isom-
erisation reactor section where it will be further converted
into n-butenes.

EXAMPLES
Experimental

The stainless-steel reactor tube has an internal diameter of
10 mm. 10 ml of catalyst, as pellets of 35-45 mesh, is loaded
in the tubular reactor. The void spaces before and after the
catalyst are filled with SiC granulates of 2 mm. The tempera-
ture profile is monitored with the aid of a thermocouple well
placed inside the reactor. The reactor temperature is increased
at a rate of 60° C./h to 550° C. under air, kept 2 hours at 550°
C. and then purged by nitrogen. The nitrogen is then replaced
by the feed at the indicated operating conditions.

The catalytic tests are performed down-flow, at 1.5 and 2.0
bara, in a temperature range of 280-380° C. and with a weight
hour space velocity (WHSV) varying from 7 to 21 h™".

Analysis of the products is performed by using an on-line
gas chromatography.

Example 1
According to the Invention
The catalyst used here is a crystalline silicate of the FER
structure. The H-FER has a Si/Al of 33 under powder form.

The catalyst is calcinated with air at 550° C. during 4 hours
before formulation in pellets of 35-45 mesh.
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An isobutanol/water mixture having the 95/5 wt % com-
position has been processed on the catalyst under 2 bara, at
temperatures between 350 and 375° C., and with an isobu-
tanol space velocity from 7 to 21 h™'.

In this set of operating conditions, isobutanol conversion is
almost complete, with a butenes selectivity of over 95% wt,
and an iso-butene selectivity of around 41-43%. Low
amounts of C,* compounds are formed.

FEED iButOH/H20 (95/5)% wt

P (bara) 2 2 2 2 2
T(C) 3500 3500  350.0 3750 3750
WHSV (H-1) 7.3 12.6 21.0 21.0 12.6
conversion (% wt CH2) 100.0 99.4 89.7 99.8 99.2

Oxygenates on C-basis (% wt CH2) - average
Ether 0.0 0.0 0.0 0.0 0.0
Other alcohol 0.1 0.1 0.2 0.1 0.1
Aldehyde + Ketone 0.1 0.1 0.1 0.1 0.1
Yield on C-basis (% wt CH2) - average
Paraffing 1.0 0.4 0.2 0.4 0.4
C2= 0.8 0.5 0.3 0.7 0.4
C3= 0.2 0.1 0.0 0.1 0.1
C4= 95.9 97.4 88.7 97.8 97.5
C5+ olef 1.4 0.6 0.3 0.5 0.5
Dienes 0.4 0.2 0.0 0.1 0.1
Aromatics 0.1 0.0 0.0 0.0 0.0
Unknown 0.1 0.0 0.0 0.0 0.0
Selectivity on C-basis (% wt CH2) - average
Paraffing 1.0 0.4 0.2 0.4 0.4
C2= 0.8 0.5 0.3 0.7 0.4
C3= 0.2 0.1 0.0 0.1 0.1
C4= 95.9 98.0 98.8 97.9 98.3
C5+ olef 1.4 0.6 0.3 0.5 0.5
Dienes 0.4 0.2 0.0 0.1 0.1
Aromatics 0.1 0.0 0.0 0.0 0.0
Unknown 0.1 0.0 0.0 0.0 0.0
C4= distribution (% wt CH2)

i-C4= 43.4 422 42.4 42.2 41.6
n-C4= 56.6 57.8 57.6 57.8 584
t-2-C4= 27.0 27.7 27.9 27.0 28.0
c-2-C4- 18.4 18.7 18.6 18.7 18.9
1-C4= 11.2 114 11.1 12.1 11.5

Comparative Example 2

The catalyst is cylinder-shaped gamma-alumina from
Sasol® formulated. The catalyst has a specific surface are of
182 m*/g and a porous volume of 0.481 ml/g. The impurities
present on the alumina in small amount are summarized

below:

0.25% wt Si, 0.02% wt P, 0.02% wt fe, 29 ppm Na.

An isobutanol/water mixture having the 95/5 wt % com-

position has been processed on the catalyst under 2 bara, at
temperatures between 350 and 380° C., and with an isobu-
tanol space velocity from 7 to 12 h™'.

In this set of operating conditions, isobutanol conversion is
almost complete, with a butenes selectivity of over 98% wt,
and an iso-butene selectivity of around 90-94%. Thus very
low amounts of n-butenes are produced over this catalyst.
Low amounts of C5* compounds are formed.

FEED i-ButOH/H20 (95/5)% wt
P (bara) 2 2 2 2
T(C) 380.0 350.0 350.0 325.0
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-continued -continued
FEED i-ButOH/H20 (95/5)% wt FEED: i-ButOH/H20 (95/5)% wt
WHSV (H-1) 124 7.4 124 7.4 2-Butene 24.6 26.0
Conversion (% wt CH2) 99.98 99.96 99.93 99.85 5 C5+ olef 4.8 2.7
Oxygenates (% wt CH2) - average C5+ paraf 1.9 1.1
Dienes 0.5 0.4
Other Oxygenates 0.0 0.0 0.0 0.0 Aromatics 0.5 0.2
Other alcohol 0.0 0.1 0.1 0.1 Unknown 1.6 1.1
Selectivity on C-basis (% wt CH2) - average C4= distribution - Average
10
Paraffins 0.3 0.3 0.1 0.3 i-Butene 67.1 65.9
C2= 0.3 0.2 0.2 0.1 n-butenes 32.9 34.1
C3= 0.2 0.1 0.0 0.0 1-Butene 5.5 6.5
C4= 98.2 98.6 99.1 98.6 2-Butene 274 27.7
C5+olef 0.7 0.5 0.1 0.3
Dienes 0.1 0.0 0.0 0.1 15
Aromatics 0.0 0.0 0.0 0.0 What is claimed:
Unkn 0.1 0.1 0.3 0.4 ) . . S
o Caw distribution (% wt) 1.A process for the prO(.iuctlon of pr.opylene in which in a
first step isobutanol is subjected to a simultaneous dehydra-
iC4= 90.2 92.5 92.7 94.0 tion and skeletal isomerisation to make corresponding ole-
tczzccii g'g ég ;‘3‘ % 20 fins, having the same number of carbons and comprising a
1-Cae 59 55 26 51 mixture of n-butenes and iso-butene and in a second step
n-Cé= 9.8 75 73 6.0 n-butenes are subjected to methathesis, said process compris-
ing:
a) introducing in a dehydration and isomerization reactor a
Examole 3 25 stream (A) comprising isobutanol, wherein the isobu-
P tanol is present in the stream (A) in an amount ranging
. . from 30 to 100 weight percent based on a total weight of
According to the Invention the stream (A)
. . . b) contacting said stream (A) with a dehydration and
The catalyst Isa phosphorous ,mOdlﬁ?d zeolite (P-ZSMS), ,, isomerization catalyst in said dehydration and isomer-
prepared according to the following recipe. A sample of zeo- ization reactor at conditions effective to dehydrate at
1 1 - 1 - o . . .
lite Z,SM'S (SSI/A] 13) in H-form was .steamed at ,550 C. for least a portion of the isobutanol and skeletal isomerase
6 hin lO,OA’ H,0. The steamed solid was sgbjected to a an iso-butyl moiety of at least a portion of the isobutanol
contact with an aqueous solution of H3PO4 (5% wt)for2h to make a mixture of n-butenes and iso-butene, wherein
Endceé) 3reﬂux. con((ihtlo(ril b(4 ml./ 1 g .zeohtegi 13;@5126%1? g Ef 35 the dehydration and isomerization catalyst is a crystal-
aCO3 was mtroduced by mamntaining a pH ot 2. " enthe line silicate; a dealuminated crystalline silicate; a phos-
solution was dried by evaporation fpr 3 days at 80. C. .750 & phorus modified crystalline silicate; a silicoalumina-
of'the dried sample was extruded with 401.5 g of Bindzil and phosphate molecular sieve; or a silicated, zirconated
0.01 wt % of extrusion additives. The extruded solid was titanated. or fluorinated alumina ’ ’
. o . o 9 3
dn;:ia.t léO C. 1§0r 161 gnd callcllna.ted al: 682 y SC. fOO; 10h. ¢) recovering from said dehydration and isomerization
s 1sobutanol/water mixture having the wt % com- reactor a stream (B) comprising the mixture of n-butenes
position has been processed on the catalyst under 1.5 bara, at and iso-butene
(e} 3 3 )
tem}ieratures l;et\fveenf2io an;i 113"510 C., and with an isobu- d) fractionating said mixture of n-butenes and iso-butene to
tanol space velocity of about /b= . produce an n-butenes stream (N) and to remove at least
In this set of operating conditions, isobutanol conversion is fthe isob
. .. 0 45 part of the 1sobutene,
almost complete, with a butenes selectivity of over 90% wt, ¢) sending the n-butenes stream (N) to a methathesis reac-
and an iso-butene selectivity of about 66-67%. Thus, nearly tor and contacting the n-butenes stream (N) with a met-
o . L
90% or more butene?s are Pmdl,lced of which a 51gn1ﬁce.1nt athesis catalyst in said methathesis reactor, at conditions
amount are skeletal isomerised into n-butenes. The heavies effective to produce propylene
ST R o ,
production is limited to 10% or less. 50 1) recovering from said methathesis reactor a stream (P)
comprising propylene, unreacted n-butenes, and heav-
) N ies,
FEED: i ButOH/H20 (95/5)% wt g) fractionating the stream (P) to recover propylene.
P (bara) 1.5 L5 2. The process according to claim 1 wherein the WHSV of
T 300 280 55 the isobutanol in the dehydration and isomerization reactor is
WHSV (H-1) 7.4 7.4 at least 1 h-!
Conversion (% wt CH2 100.0 83.5 ) ) ) )
( Oxygenatis (% wt CH2) - Average 3. The process according to claim 1 wherein the tempera-
ture in the dehydration and isomerization reactor ranges from
Other alcohols 0.01 0.00 200° C. to 600° C.
Other Oxsyﬁ:?itfiy on C-basis (% wt C%OS - Average 0.08 60 4. The process according to claim 1, wherein the dehydra-
tion and isomerization catalyst for the simultaneous dehydra-
Paraffins C1-C4 0.1 0.1 tion and skeletal isomerisation is a dealuminated crystalline
C2= 0.0 0.0 silicate of the group FER, MWW, EUO, MFS, ZSM-48,
o o o MTT, MFL, MEL or TON having Si/Al higher than 10.
i-Butene 60.3 61.0 65 5. The process according to claim 1 wherein the dehydra-
1-Butene 5.0 6.1 tion and isomerization catalyst for the simultaneous dehydra-

tion and skeletal isomerisation is a crystalline silicate of the
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group FER, MWW, EUO, MFS, ZSM-48, MTT, MF1, MEL
or TON having Si/Al higher than 10.

6. The process according to claim 1 wherein the n-butenes
stream (N) of step d) comprises less than 10 w % of iso-
butene.

7. The process according to claim 1 wherein in the frac-
tionation of step d) iso-butene is removed by selective oligo-
merisation of iso-butene.

8. The process according to claim 1 wherein in the frac-
tionation of step d) iso-butene is removed by selective etheri-
fication with methanol or ethanol.

9. The process according to claim 1 wherein in the frac-
tionation of step d) iso-butene is removed by selective hydra-
tion into t-butanol.

10. The process according to claim 9 wherein said t-butanol
is recycled to the dehydration and isomerization reactor of
step b).

11. The process according to claim 1 wherein the metathe-
sis is carried out as autometathesis with only butenes as
feedstock.

12. The process according to claim 1 wherein the n-butenes
stream (N) recovered at step d) is sent to an isomerisation unit
to produce a n-butenes stream having a reduced 1-butene
content and an enhanced 2-butene content, then said stream is
sent to the methathesis reactor.

13. The process according to claim 1 wherein the fraction-
ation of step d) is made by a catalytic distillation column
wherein part of the 1-butene is isomerised to 2-butene, iso-
butene is recovered as overhead and 2-butene is recovered in
the bottoms of said column.

14. The process according to claim 13 wherein iso-butene
is recycled to the dehydration and isomerization reactor of
step b).

15. The process according to claim 14 wherein the met-
athesis is carried out by adding ethylene to the butenes.

16. The process according to claim 1 wherein the pressure
of'the dehydration and isomerization reactor ranges from 0.5
to 10 bars absolute.

17. The process according to claim 1, wherein the dehy-
dration and isomerization catalyst for the simultaneous dehy-
dration and skeletal isomerisation is a phosphorus modified
crystalline silicate of the group FER, MWW, EUO, MFS,
ZSM-48, MTT, MFI, MEL or TON having Si/Al higher than
10.

18. The process according to claim 1, wherein the dehy-
dration and isomerization catalyst for the simultaneous dehy-
dration and skeletal isomerisation is a silicoaluminaphos-
phate molecular sieve of the group AEL.

19. The process according to claim 1 wherein the metathe-
sis catalyst is a metallic oxide dispersed on a carrier, wherein
the metallic oxide is selected from molybdenum, tungsten or
rhenium, and wherein the carrier is selected from alumina or
silica containing carrier.
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20. The process according to claim 1 wherein in the course
of methathesis hydrogen is added to the metathesis reactor in
an amount ranging between 0.1 and 10 vol % of the n-butenes
stream (N).
21. The process according to claim 1 wherein among the
butenes produced at step ¢) the proportion of n-butenes is
above 20%.
22. The process according to claim 21 wherein among the
butenes produced at step ¢) the proportion of n-butenes is
above 30%.
23. The process according to claim 22 wherein among the
butenes produced at step ¢) the proportion of n-butenes is
above 40%.
24. The process according to claim 23 wherein among the
butenes produced at step ¢) the proportion of n-butenes is
above 50%.
25. A process comprising:
contacting isobutanol with a dehydration and isomeriza-
tion catalyst in a dehydration and isomerization reactor
at conditions effective to dehydrate at least a portion of
the isobutanol and to skeletal isomerase an iso-butyl
moiety of at least a portion of the isobutanol to make a
mixture of n-butenes and iso-butene, wherein the isobu-
tanol is present in the stream (A) in an amount ranging
from 30 to 100 weight percent based on a total weight of
the stream (A), and wherein the dehydration and isomer-
ization catalyst is a crystalline silicate; a dealuminated
crystalline silicate; a phosphorus modified crystalline
silicate; a silicoaluminaphosphate molecular sieve; or a
silicated, zirconated, titanated, or fluorinated alumina;

recovering from said dehydration and isomerization reac-
tor the mixture of n-butenes and iso-butene;

fractionating the mixture to produce an n-butenes stream
(N) and to remove at least part of the isobutene;

contacting the n-butenes stream (N) with a metathesis cata-
lyst in a methathesis reactor at conditions effective to
produce propylene;

recovering from the methathesis reactor a stream (P) com-

prising propylene; and

fractionating the stream (P) to recover propylene.

26. The process according to claim 1, wherein the dehy-
dration and isomerization catalyst for the simultaneous dehy-
dration and skeletal isomerisation is a silicated, zirconated or
titanated or fluorinated alumina.

27. The process according to claim 1, wherein the dehy-
dration and isomerization catalyst for the simultaneous dehy-
dration and skeletal isomerisation is a crystalline silicate of
the group FER or MFI having Si/Al higher than 10, a dealu-
minated crystalline silicate of the group FER or MFI having
Si/Al higher than 10, or a phosphorus modified crystalline
silicate of the group FER or MFT having Si/Al higher than 10.

28. The process according to claim 1, wherein a ratio of
isobutanol to all other C, alcohols in the stream (A) is 42% or
above.



